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Introduction
Standard model

Standard model of particle physics with neutrino mass
e Explains all laboratory experiments.
e |s in violent contradiction with cosmology.

The universe:
e Can't be big, empty and homogeneous (“inflation™)

e Can't have much matter (“baryogenesis”)

Can't clump into clusters of galaxies (“dark matter”)
e Can't be accelerating (“dark energy”)

Baryogenesis related to matter-antimatter symmetry.
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Introduction
CP violation and nEDM

CP violation needed in the universe.
Observed baryon asymmetry: ng/n, = 6.1f8:§ x 10719,
WMAP + COBE 2003
Without CP violation, freezeout ratio: np/n, ~ 10~2°.
Kolb and Turner, Front. Phys. 69 (1990) 1.
Either asymmetric initial conditions or baryogenesis!
Sufficiently asymmetric initial conditions kills inflation.

Sakharov Conditions Sakharov, Pisma Zh. Eksp. Teor. Fiz. 5 (1967) 32.
e Baryon Number violation
e C and CP violation
e Out of equilibrium evolution
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Introduction
Standard Model CP Violation

Two sources of CP violation in the Standard Model.
L]

Too small to explain baryon asymmetry
« Gives a tiny (~ 10732 e-cm) contribution to nEDM

Dar arXiv:hep-ph/0008248.

Effects suppressed at high energies
« nEDM limits constrain © < 1010

Crewther et al., Phys. Lett. B88 (1979) 123.
Contributions from beyond the standard model
® Needed to explain baryogenesis
e May have large contribution to EDM
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Effective Field Theory
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Pospelov and-Ritz, Aan. Phys. 318 (2005) 119.
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Introduction

Form Factors

Vector form-factors (V,, = 6S/6A,,)
Dirac F1, Pauli Fy, Electric dipole F3, and Anapole F4

Sachs electric G = F; — (q2/4M2)F2 and magnetic Gy = Fy + Fa

_ (Y] Falg?
NV @IN) = T | Fale?) + 222 g, P20
2 2mN

: Fa(q?

+@mm%%—w%f%*%l

"N

['Y/M’YV] F3(q2)

+ 92 qvs5 Qm]\]

un

The charge G (0) = F1(0) = 0.

Gpr(0)/2Mpy = F2(0)/2M py is the (anomalous) magnetic dipole moment.
F3(0)/2m y is the electric dipole moment.

F 4 and F3 violate P; F'3 violates CP.

[} =l =
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Projection

The three point function we calculate is

o1+
N =dvs 2’Y4u

QIN@, V(@ ONT @, T)Q) = une NP (N|Vu(q)|N') e PN/ (T 05

d

We project onto only one component of the neutron spinor with
7P = %(1 + 74)(1 + iv573)

Fermion action is a ‘constrained action’: equation of motion first
order. Mode expansion depends on Lagrangian parameters. On
symmetry grounds: unTN = N5 (ip+ my)eionTs [0 extract:

Lim TrP(QINVaNT|Q) o« imyesGp
T —t— oo

2
q*S]Fz

+anmN(Eny —mN)FL +an[my(Eny —mN) + >

2
) 2 a3
—2i(qy +93)Fa — 7F:s
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Introduction
BSM Operators

Standard model CP violation in the weak sector.
Strong CP violation from dimension 3 and 4 operators anomalously
small.

e Dimension 3 and 4:
« CP violating mass
» Toplogical charge
e Suppressed by vgpw/Maq\:
o Electric Dipole Moment z/;z,“,}fuw.
e Chromo Dipole Moment %, G"").
* Suppressed by 1/Mgy; gy or higher:

e Gluon chromo-electric moment: G, G, G .
» Various four-fermi operators.
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Renormalization and Mixing

Vacuum Alignment and Phase Choice

CP and chiral symmetry do not commute. Outer automorphism:
ClP,, = x 'CPy also a CP.

o VP = iy OYT and P = iy, CYE.

o Y =eXyp and ¢ = e Xypp
P _ e*QiXi'mC%Zg and wgp" = e+2ixi'y401;£

Q¢L

Consider the chiral and CP violating parts of the action
LD dioy

where i is flavor and « is operator index.
Consider only one chiral symmetric CP violating term:
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Convert to polar basis

ig; >0 43 (02| Zm Of|m)

il = S O Zm On )

Then CP violation is proportional to:

de
—|d;| Zm ==
|d;| Zm a
with 1 1
—=) — 0=0- 3
d zi:di zi:qb

CP violation depends on © and on a mismatch of phases
between df* and d;.

Tanmoy Bhattacharya nEDM from qCEDM



Introduction

Renormalization and Mixing Vacuum Alignment and Phase Choice
QEDM Operator Basis
QCEDM: Lattice Calculation RI-SMOM scheme
QCEDM: Numerical Tests Connection to MS scheme

QCEDM: Conclusions

Renormalization and Mixing

Operator Basis

igl/_}&#yG,ul/taw 82 ((, /A _’,T” (i )
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Renormalization and Mixing
RI-SMOM scheme

(@) Zo ZonN (@)
N 0 Zy

ren bare
O: Gauge-invariant operators, does not vanish by equation of
motion.
N: Gauge-dependent operators, restricted by BRST, vanish by

equation of motion.

Impose conditions on matrix elements of quarks and gluons:
® Use MS quark masses in the expansion.
® Three point functions at p2 = p’? = g2 = —A? < 0 (RI-SMOM).

® Four point functions at p2 = p’2 = k2 = ¢? = s = u = t/2 = —A2.
This choice eliminates non-1PI contributions. (see arxiv:1502.07325 [hep-ph]).
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Renormalization and Mixing

Connection to MS scheme
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Tensor charge
SYX . FHV) _
%
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N

Noting that
. <N|1Z}2>\V’¢|N> = gT UND N UN
. F3/2mN = dN,
we have
dn X gr .
Note that un iy = p + m + O(agw)
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QEDM

Excited states

C¥' = |Ag|*(0|T|0)e™Motser + |4,

2T
ASA]<O‘T|1>e—1\ffot,,n,‘<—1m(tw.p—t7,n,,q) 4
AT_AO<1‘T|O>€—M|tmb—J\'fo(tbgp—tms)

1>671\'Ilts<’p +

Top line has no dependence on t;,s: need multiple 7).
A and M can be obtained from 2-pt functions.
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a12m310 AMA

PRELIMINARY

Clover on 2+1+1 HISQ (MILC).
My, ~ 135, 225, 315 MeV.
a ~ 0.06, 0.09, 0.12 fm.
ML ~ 3.3-55.

tsep ~ 0.9-1.7 fm.
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QEDM

Renormalization

PRELIMINARY
RI-SMom scheme: Nonexceptional symmetric momentum matrix element has tree-level value.
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Extrapolation

PRELIMINARY

2 — Mg L
gr = c1 +cza+c3M + cqe o
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OLD DATA

dn < 2.9%x 1072 ecm [90% CL]
gr=0

0 1
dg (1072 ecm)

Tanmoy Bhattacharya nEDM from qCEDM



QEDM

Comparison

QEDM

Comparison
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[1] Bhattacharya et al. 2015 [2] Pospelov-Ritz 2000
[3] Pitschmann et al. 2014 [4] Bacchetta et al. 2013
[5] Anselmino et al. 2013 [6] Kang et al. 2015
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QCEDM: Lattice Calculation

Technique

The quark chromo-EDM operator is a quark bilinear.
Schwinger source method: Add it to the Dirac operator in the
propagator inversion routine:

P+m— 2D + TGy — P+ m — £ D? + T (o G +i6Gru)
The fermion determinant gives a ‘reweighting factor’

det() +m — %DQ + XM (oG v + ieéw)
det( +m — £D2 + c,,ZH G,

= expTrin [1 + i€ E“”(N}W(ZD +m — gDQ 4F CswEWGuu)il]

%

exp {ié Tr Euyé“,/(w +m — gDz + CswEMVGMV)il] .
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QCEDM: Lattice Calculation

Three-point function

The chromoEDM operator is dimension 5.
Uncontrolled divergences unless € < 4raAqgep ~ 1.
Need to check linearity.
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QCEDM: Lattice Calculation

Propagator inversion

Technique
Three-point function
Propagator inversion

Using BiCGStab in Chroma (Clover on HISQ a ~ 0.12fm, m ~ 310MeV)
e Cost of ID increases by about 7%.
» Condition number changes by less than 5%.
e Can use € = 0 as initial guess.
Each extra inversion less than the cost of the ¢ = 0 inversion.

Accuracy €=0.005 €=0.01

10~8 85% 86%
10~3 51% 66%
5x 1073 28% 45%

Calculation of connected EDM measurement on each configuration
is about 1.5 times the cost of V/A form factors measurements.
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QCEDM: Numerical Tests

Propagator

Clover-on-HISQ
a=0.12 fm, m; =310 MeV
60 meas x 125 confs

mmm@w{:%

Preliminary; Connected Diagrams Only
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QCEDM: Numerical Tests

Linearity

Clover-on-HISQ
a=0.12 fm, m_ =310 MeV

60 meas x 25 confs

Preliminary; Connected Diagrams Only
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QCEDM: Numerical Tests

F3 Form factor

Clover-on-HISQ
a=0.12 fm, m,;=310 MeV'
Preliminary!! 60 meas x 212 confs

Clover-on-HISQ
a=0.12 fm, m,=310 MeV'
60 meas x 212 confs

Preliminary; Connected Diagrams Only
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QCEDM: Conclusions

Future

Future

e Disconnected diagrams.
e Continuum limit.
Most divergent mixing with

nEDM due to this same as due to

Current estimates of nEDM due to
e CEDM™® = 0O(1)

L]
at a ~ 0.1fm.

Expect O(1-10) cancellation.
e Fermions with better chiral symmetry.
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